Abstract Food prices are an important component of the food security equation. Stable prices promote food security, whereas price instability and volatility can contribute to and exacerbate food crises. Understanding market integration, or the co-movement of prices between different markets, can therefore provide important insights into food security and threats to it. The value of a geographic perspective is illustrated through an examination of market integration with spatial analysis. Results from an analysis of the 2004/5 food crisis in Niger indicate that market integration in Niger tends to be local and deteriorates rapidly during shocks or periods of crisis.
Introduction
Availability and access to food are key determinants of food security. Therefore, understanding how markets operate, and in particular, the mechanisms by which prices stabilize and fluctuate can provide important insights into a given population's food security situation. The price of food, however, is rarely stable over time. Moreover, price fluctuations in one market may be related to or reflect price movements in other markets. The extent to which price changes in one market location are consistently related to changes in other market locations is generally referred to as market integration or spatial market integration.
In theory, when markets are highly integrated, food flows freely from markets where there is a surplus to markets where there is a deficit or from areas of production (e.g., rural, agricultural areas) to areas of consumption (e.g., urban centers). Food prices arguably reflect this process; higher prices can be expected in markets where there is a food deficit, and serve as an incentive to suppliers to transport food from surplus to deficit markets. Subsequently, food prices should decline in deficit markets as more food becomes available (i.e. cheaper), thus increasing levels of food security.
When empirically evaluating and assessing market integration, two important and inter-related considerations need to be addressed. The first concerns the geographical extent or spatial dimensions of market integration. Individual markets, and more specifically, prices within individual markets, may indeed be related to each other, but are such geographical relationships uniform, constant or consistent across a region or country? Is there a particular threshold or distance at which market integration deteriorates? Similarly, the second consideration is concerned with the variability in price setting mechanisms over time. In other words, how stable and robust is market integration from one month, one season or one year to the next? These questions are examined by looking at what happened to market integration during the 2004/5 food crisis in Niger. By exploring and assessing the geographic aspects of market integration during a period of crisis, the utility and potential of spatial analytic techniques to contribute to food security research and policies are also illustrated.
Market integration and the 2004/5 food crisis in Niger
Market analysis is important to food security assessments for three complementary reasons (Beekhuis and Laouali 2007) . First, as markets are capable of reducing the impact of negative shocks, understanding how markets operate provides important insights into the impact and value of various responses in times of crisis (e.g., food aid versus cash transfers). Second, market analysis is in itself an important aspect of food security monitoring. For instance, the systematic collection of price data from various markets provides a baseline for comparison, early warning and analysis. Third, and related to the first point, market analyses inform the ongoing debate as to whether cash transfers are preferable to food aid. It is argued that when markets are well-integrated cash transfers are appropriate because suppliers and traders will respond favorably to increases in household demand. Yet when and where are markets integrated? And what happens to market integration during periods of crisis?
There is wide-spread agreement that market integration is, in principle, good for food security. Despite this general level of consensus from the food security community, formal definitions of market integration tend to vary considerably. For some, market integration simply refers to market locations that are linked together by trade (e.g., Ravallion 1986 ). This is in contrast to more restrictive definitions that require one-for-one price changes in different market locations (e.g., Goodwin and Schroeder 1991) . Similarly, indicators and tests for market integration range from relatively simple correlations to more complex tests for co-integration. Determining whether markets are integrated, and assessing the level of integration with statistical indicators, often requires setting somewhat arbitrary thresholds (e.g., Harriss 1979) . In other words, as noted by McNew (1996) , market integration is more frequently premised upon statistical criteria than economic phenomena.
Notwithstanding the differences in definition and measure described above, research from different countries shows that the markets for various goods, ranging from cereals to livestock, are in many cases integrated (Lele 1967; Palaskas and Harriss-White 1993; Fafchamps and Gavian 1996) . The degree to which such markets are integrated is in large part contingent upon how specific locations (i.e. markets) are linked or connected together and are able to overcome the friction of distance (i.e. geography). In some contexts, transportation and communications infrastructure arguably supports and promotes high levels of market integration, but in other areas a lack of such infrastructure and information may inhibit market integration. The absence of infrastructure does not necessarily preclude market integration, but it may limit the efficiency, stability (i.e. levels) and geographic extent of such integration. Therefore, in contexts where food security is a concern, evaluating the stability and geographic extent of market integration may provide important insights into when and where surveillance or responses need to be targeted to minimize the impact or perhaps prevent impending food crises.
One country where food security has long been a concern is Niger (Devereux 2009). Situated in the Sahel of West Africa, Niger is a landlocked country that contains a vast expanse of the Sahara desert in the north and subtropical and even tropical climates in the south. With an estimated population of around 13 million people, primarily located in the south of Niger, it is projected that this figure will double by the year 2025 (UNPOP 2007). Niger ranks 174th out of 177 total countries in the 2007/8 UN Human Development Index, in large part due to its low life expectancy (56 years), relatively high levels of child malnutrition and low per capita income. A large proportion of Nigeriens are employed and engaged in rainfed agriculture, with the primary food staples being millet and sorghum. This mix of environmental, demographic and economic factors leaves much of the population of Niger vulnerable to food shortages and crises.
The most recent crisis occurred in 2004/5, and as with most food crises and famines, there were several contributing factors. The beginnings of the crisis were linked to the locust invasion and failed rains of late-2004 that resulted in considerable amounts of damage to grasslands and the loss of millet and sorghum yields across the pastoral and agropastoral zones of Niger (see Fig. 1 ). Subsequently, early warnings of food insecurity were issued as were requests for food aid (FAO 2005) . Markets began to respond to the reduced levels of agricultural production with price increases in January 2005, which left millions of Nigeriens unable to purchase needed amounts of food (Eilerts 2007) . Figure 2 charts the evolution of millet prices in markets across Niger from January 2002 to October 2006 as a series of box-and-whisker plots. The inter-quartile range of monthly price data is portrayed as a vertical box bisected by a line that represents the median value, and the whiskers represent the upper-and lower-extremities of the data. In addition to illustrating the trend in prices, the variability in the range of prices can also be ascertained from such plots. Similarly, Fig The response to the crisis by the Government of Niger and the international community was largely directed to the poorest and most vulnerable populations of the pastoral and agro-pastoral zones of the country (Eilerts 2007) . However, the areas most visibly affected by the crisis were located in the relatively wealthy parts of Maradi and Zinder, and the agricultural areas along Niger's southern border with Nigeria. Why? Given the proximity and dominance of the Nigerian market, there is an incentive for farmers to raise cash crops for export. Furthermore, there are wellestablished financing and credit systems available in the area.
In this highly competitive environment, poor farmers and wage laborers are often caught in a vicious cycle of taking out loans under less than favorable terms (i.e. borrowing during lean months when prices are high, making in-kind payments for the value of the original loan during harvest when prices are low). If a harvest is mediocre, the poorest become even more impoverished due to the timing of higher prices, and subsequently, higher loan repayments, and the downward spiral is often perpetuated. When prices increase significantly, as was the case in early-2005, a large segment of this already vulnerable population becomes food insecure. In this regard, across much of southern Niger, the 2004/5 food crisis was less about locusts and failed rains and more about pre-existing, unfavorable market conditions that in turn facilitated and exacerbated the crisis (Aker 2008; Eilerts 2007; Sanchez-Montero 2007) .
What is apparent in hindsight is that the 2004/5 food crisis was in fact two or possibly more related crises ( 1997-1998 1998-1999 1999-2000 2000-2001 2001-2002 2002-2003 2003-2004 2004-2005 2005-2006 (Crombé and Jézéquel 2009; Cornia and Deotti 2008) . As noted above, both the poor timing and limited scale of the responses by the Nigerien government and the donor community arguably exacerbated the crisis. The lack of intervention by the Nigerien government and the decision to depend upon food imports and the international market proved to be crucial because of the length of time that it took for food to reach those in need. Consequently, by July 2005, the National Food Security Reserve of Niger, which was established to respond to and prevent such food crises, had no more food or money to distribute (Mousseau 2006) .
The 2004/5 food crisis also underscores the relatively disadvantaged position of Niger within the regional Sahelian cereal markets, which contributed to the second crisis alluded to above. Though the crisis originated in the pastoral and agro-pastoral zones and initially impacted herders and small farmers, the most pernicious effects and visuals of the crisis came from the south and involved malnourished children. Given its location, length of shared border and ethnic and familial ties, a considerable amount of cross-border trade occurs between the south of Niger and Nigeria (WABI 2006; Mousseau 2006) . Such trade often occurs on very uneven and unequal terms given Nigeria's climatic advantages, access to the ocean, and the overall size and strength of the economy, especially when compared to Niger. Add to this speculation, unfavorable exchange rates and terms of trade, price volatility and unregulated markets where the laws of supply and demand take precedence over morals and human need, domestic and regional market failures, such as that which occurred in 2004/5, are the result (Cornia and Deotti 2008) .
As population pressure mounts and agricultural plots decrease in size in what is already one of the most densely populated areas of Africa, more people will depend upon cash to make food purchases. Understanding markets, and more specifically the stability and fluctuation of food prices within markets, is therefore central to improving and ensuring the food security situation of those in Niger and across the Sahel (Aker 2008; Dirba and Renk 2007; WABI 2006) . The next section describes and illustrates how geospatial data and analysis can be used to examine and understand the geographical and temporal dynamics of market integration as it relates to food security.
Geospatial data, information and analysis: Looking beyond imagery
There is a wide range of geospatial data available to food security analysts, researchers and decision-makers. Among the most commonly viewed geospatial data products for food security purposes are remotely sensed images. Such images are often used to determine and assess the likelihood of drought, crop yields and rainfall amounts, and support early warnings of food insecurity as was the case in Niger described previously. Such image maps, derived from satellites, represent the surface of the earth as an array of identically-sized cells (called grids or rasters) of particular dimensions (e.g., 1 km-by-1 km). The dimension of a single cell, or its resolution, corresponds to the smallest feature that can be discerned in the image. In addition to the thematic data contained within each cell, such as above or below average levels of vegetative vigor or greenness, the geographic locations of each cell are also known. For instance, the precise latitude and longitude of the cell vertices or centroids are known.
Complementing imagery or raster data are vector data. Unlike the raster data model that represents real-world features as a continuous surface, the vector approach models the world as a collection of points, lines and polygons (see Fig. 4 a & b) . Points are described by geographic coordinates and correspond to precise locations on the surface of the earth; lines comprise an ordered series of points; and, polygons are an ordered series of points with an identical starting and ending point that circumscribe an area. Geographic coordinates, such as latitudes and longitudes, are easily obtained from global positioning systems (GPS) receivers which can then be imported into a geographic information system (GIS) for visualization and analysis. Within the vector approach, for example, cities can be represented as individual points, rivers as lines, and lakes as polygons. Each particular vector feature (i.e. point/ city, line/river, polygon/lake) is also typically associated with a database that contains information about it. For instance, population data can be linked to city locations, stream-flow data can be associated with river segments and forests can be classified according to species richness. Insights into the geographic aspects and dynamics of various phenomena can thus be gleaned by associating such attribute data with locational information.
Another useful aspect of the vector data model is that it is topological. In other words, the spatial relationships that exist between points, lines and polygons can be extracted and summarized from the vector data model. For instance, internet mapping sites use topological information to calculate optimal driving routes between two different locations. Within the context of GIS, topological information enables automatic error checking, facilitates the calculation of precise distances and areas, and also permits the evaluation of spatial patterns with geo-statistics.
Topological information such as distances between markets, for example, can also be used to assess and evaluate the geography of market integration. Transport costs, which are a function of distance, are recognized to be a key expenditure for suppliers in nearly all sectors of the economy. Generally, the cost of traveling greater distances that is borne by suppliers tends to be passed on as higher prices to consumers. The opposite is also true. Prices tend to be lower near sites of production. Such differentials in distance to markets contribute to the underlying economic geography of regional, national and even global markets. By linking prices to market locations, and comparing prices between proximate and distant markets, the geography of market integration can be assessed.
The Agricultural Market Information System (SIMA) of Niger that was established in the early-1990s provides price information for various foodstuffs from over 40 markets on a regular basis. SIMA also serves as a useful model that can be replicated in other countries and regions concerned with food security. Given the coverage of data from SIMA, a variety of analyses and comparisons can be carried out. For instance, current price trends and events (e.g. shocks and spikes) can be compared to previous years or seasonal averages. Moreover, as prices are collected for numerous markets across Niger, such market data are inherently geographic and can be incorporated into a geographical information system (GIS) to visualize and analyze market integration.
In the absence of information about how markets are related and connected to each other, the distance between markets serves as a reasonable (though highly simplified) proxy for topological relationships. Using GIS to determine Euclidean distances between respective markets, various distance thresholds can be used to assess the geographic extent of phenomena such as market integration. For purposes of illustration, topological information is used to perform a k-nearest-neighbor analysis of market integration for markets within Niger. It is understood that agricultural trade across West Africa and the Sahel is indeed crossborder (i.e. international), but for clarity the following worked example is limited to Niger. Supplemental data and information, such as travel time or road-based distances could also be used if available. The movement of prices is assessed and evaluated between the k nearest neighbors, where k is the number of markets that constitute a particular neighborhood. Figure 5a -e map the k-nearest neighbors for markets in Niger, for all k, one through five.
Having established the linkages between markets in Niger, local or neighborhood levels of market integration are measured for each market using the local Moran's I statistic. As a local indicator of spatial association (LISA), the local Moran's statistic calculates the correlation of standardized millet prices between each market and its Fig. 4 a & b. The Normalized Difference Vegetation Index (NDVI) map (left) for the Horn of Africa is an example of a raster data set and is used to measure vegetative vigor. Greens represent healthy vegetation, reds denote unhealthy and sparse vegetation (e.g., due to possible drought or failed rains), grey is bare land and blue is water. The map on the right is an example of a vector data set, also for the Horn of Africa. Capital cities are drawn as point features, rivers are drawn as linear features and international boundaries are polygon features. Source: Global Information and Early Warning System (FAO-GIEWS) Workstation. Please refer to the online edition for a colour version of this figure k-nearest neighbors (see Anselin 1995) . The local Moran's I statistic is formally expressed,
where z is the standardized price of millet, and w is an element of the row-standardized spatial weights matrix, W, that summarizes the geographic linkages between markets (i.e. identifies nearest neighbors). In essence, the local Moran's statistic calculates the relationship between each observation (i.e. market) and the weighted average of neighboring observations. One of the features of the local Moran's statistic is that values can be plotted and viewed as a scatterplot. With respect to this analysis of market integration, market locations with high millet prices that are surrounded by markets with similarly high prices are situated in the upperright quadrant. Low prices surrounded by low prices are found in the lower-left quadrant. Market prices within these two quadrants are considered to be spatially autocorrelated or spatially dependent. Conversely, the upper-left and lower-right quadrants contain low prices surrounded by high prices and high prices surrounded by low prices, respectively. Markets falling in these two areas are classified as spatial outliers. Figure 6 presents a set of four Moran's scatterplots that exhibit varying degrees of spatial dependence for millet prices in May for k=2 and k=5 nearest neighbors, as well as for August and September (k= 2) during the crisis year. Of particular interest is the spatiotemporal instability (volatility) of market integration as the crisis progresses.
Another useful feature of the local Moran's statistic is that the mean value of all local Moran's values for a given data set is equivalent to the global Moran's I (for details, see Anselin 1995 Anselin , 1988 . The global Moran is frequently used in geographic research to detect and evaluate the presence of spatial autocorrelation or the clustering of similar values within a data set. Values of the global Moran fall between −1 and +1. A Moran's value of 1, or perfect spatial autocorrelation, denotes that the value of one observation can effectively be predicted by knowing the values of neighboring observations. Positive values, and hence, positive spatial autocorrelation indicate the geographic clustering of similar values, while negative values denote a chessboard-like pattern of dissimilarity or randomness. Figure 7 plots global Moran's I values for millet prices for each month during the 2004/5 crisis in Niger and for all k, one through five. Three features of particular interest are evident in this graph. First, market integration appears to be quite local in most months, at k=2, and then tapers off. In other words, millet prices in most markets tend to be most Finally, market integration recovers in dramatic fashion in September 2005, lending support to the argument that markets are able to respond quickly to shocks. This rapid and dramatic recovery of the Nigerien domestic millet market may also be a reflection of the asymmetry of the Sahelian market (i.e. the highly vulnerable, if not dependent, position of Niger relative to Nigeria). Such a recovery arguably reinforces the need to introduce market regulations that minimize price fluctuations and shocks, and also maintain both domestic and cross-border market linkages in times of crisis. Though this analysis did not include markets in Nigeria, the influence and impacts of prices are more than likely reflected in several Nigerien markets.
By linking prices to locations, important insights into the geography of market integration are obtained. Specifically, during the 2004/5 food crisis in Niger, market integration was both geographically and temporally unstable. Future research needs to determine whether or not these geographical and temporal patterns are consistent with other crisis or non-crisis years across the broader Sahelian cereal market, or if such patterns merely reflect the intrinsic nature of market integration in Niger.
Conclusions
Food crises are the result of continuously evolving and complex sets of environmental, social, economic and political circumstances and events. The 2004/5 food crisis in Niger was no different, and in fact, underscores the need to continue and extend market-based analyses in order to understand and respond to food crises in the future. Through the use of spatial analysis, the geographical and temporal dynamics of market integration are illustrated. With regard to the 2004/5 food crisis in Niger, results indicate that market integration is quite localized and highly fluid, if not volatile, from one month to the next. Though the rapid deterioration of market integration is a cause of concern as a food security crisis evolves, the resilience of markets across Niger and their ability to recover quickly from price volatility, are likely to be key factors to mitigate crises and ensure food security in the future.
As with most analyses, the results presented above lead to more questions than answers. For instance, are levels of market integration similar for other products, such as livestock or cash crops, or for the terms of trade between different goods? Also, how can local and regional market asymmetries, such as those that result from cross-border trade between Niger and Nigeria, and across other areas of the Sahel and Africa, be captured or measured? Though distance-based and nearest neighbor analyses may simplify the complexity of factors underlying market integration, in the absence of data and information about trade networks and linkages, such techniques can provide useful and timely insights about the geographic extent and robustness of market integration and can be applied to other contexts where food security is a concern.
